Conventional surveillance techniques and the metallurgical assessment of components are discussed as being part of a continuum of monitoring activity. They emphasise respectively operational and maintenance durability considerations. The importance and benefits to be gained from fully utilising both techniques, particularly for the new designs of units, is illustrated by reference to the problems in a recent design of 40 MW heavy duty industrial turbine.
INTRODUCTION
The power generation business is currently a very competitive market for both the original equipment manufacturers (OEM) as well as the power utilities. A variety of economic and technical forces have produced large industrial gas turbines with ever increasing levels of efficiency, and operators are now being offered combined cycle gas turbine plant with efficiencies of 5740%.
One of the key aspects of a successful gas turbine within such a package is the design of the turbine hot section. Each of the original equipment manufacturers (OEM) has their ownin-house design philosophies and procedures which have been developed over the years. These procedures reflect the need to balance the differing and conflicting requirements of component design such that one must be capable of manufacturing a component of the required efficiency whilst ensuring that it has adequate robustness to survive in the engine for an acceptable length of time.
The various OEMs have approached this core design problem from a variety of perspectives and have arrived at different solutions. These range from adopting differing degrees of cooling technology, borrowing from that developed for aeroengines or introducing the idea of steam cooling, (Farmer et al 1995) through to improved aerofoil geometries to reduce aerodynamic losses through the application of better computational fluid dynamic calculations. Coupled with these engineering aspects, and the generally increased hot gas temperatures, are the constructional materials of the blade and nozzle alloys and their associated coatings. Superalloys have benefited from an intensive research effort over the last 50 years, although the capabilities of the alloys used in industrial units are still generally inferior to those used in flight engines. Nevertheless, directionally solidified alloys are used routinely in many GE industrial designs and the introduction of single crystal blading is reported to be close at hand (Becker et al 1995) .
However, irrespective of the OEMs' capabilities in these areas, all the hot section parts have finite lives, with the durability of some parts governing the overhaul intervals for the unit as a whole. The intrinsic cost of an outage, planned or otherwise, is high and this is coupled with the high cost of replacement parts, or their repairs. Indeed, up to half the maintenance costs for a unit can be associated with the turbine hot section. If an operator wishes to make informed decisions on overhaul intervals or the durability/capabilities of (usually) rotating blades then he requires information on the condition of these components as an input into making that decision.
This presumes that the part is adequately designed in the first place, and is capable of reliably reaching its expected useful life. Much aero-engine technology has been transferred to the heavy industrial units permitting a large increase in firing/gas temperatures. Whilst the 'proven' nature of much of this technology is often emphasised, it is the operators who actually generate the experience since they are the ones who accumulate the numing hours and are the first to encounter the problems. If problems are encountered, then at best they affect 'only plant availability, whilst at worst they will lead to a component failure.
To minimise risk it is sensible for the operator to consider seriously the level of surveillance that should be employed, and whether this should go beyond that normally offered or undertaken. Surveillance in this context should be taken to cover both the use of conventional monitoring techniques such as those for vibration etc (operationally biased monitoring) as well as active steps to assess the condition of components through the application of appropriate assessment procedures (component durability/maintenance biased monitoring) or the use of specific monitors, eg pyrometry. This paper considers the separate and interdependent nature of these two forms of surveillance to illustrate that they are merely parts of a continuum which the operator needs to use so that the unit can be operated and maintained in the most effective manner.
THE PURPOSE OF SURVEILLANCE
It is first worth considering briefly the purpose of surveillance as it is customarily understood A monitor receives information from sensors, and warns, instructs, or even takes action to change the system being monitored. Implicit in this is the automation of a built in assessment through the use of go-no go levels relative to the sensor's output. The reason for using a monitor on a gas turbine, in common with any equipment, is to ensure that the performance or integrity of the unit does not fall s, outside acceptable limits. Possible objectives for monitoring include: -To alert the operator of component failure to minimise the risk of death or injury, or of secondary damage to the plant -To allow the deteriorating component-or system to be identified prior to failure and to initiate appropriate action -To allow the rate and nature of deterioration to be determined managed by modification to the operation of the unit to avoid failure, extend life, and thereby optimise the timing of an outage -To allow the operator to confirm that the unit is performing as expected, e.g. turbine rotor entry temperature -To demonstrate compliance with legal requirements e.g. emissions control.
As can be seen from these examples the scope and nature of the sensors fitted to the unit, and the capability of the monitor to analyse, interpret, and take appropriate action will determine whether the monitor is a useful tool for predictive maintenance, or whether it acts solely as a fail-safe device.
FUNCTION 8, TIMING OF MONITORS
The classification of monitoring activity by function and timing helps to identify the requirements for any monitor in relation to the system to be monitored The fundamental nature of the system and the consequences of failure or deterioration will determine the type and speed of response from the monitor.
When critical componente have failed it is imperative that an alert is given and immediate action taken. This is to ensure containment of any failed components, to preserve the integrity of what is essentially a high pressure combustion vessel, and to reduce the amount of secondary damage. This type of monitor is required to be robust and reliable. It is unlikely to have an analysis capability, represents the minimum level of monitoring to allow 'safe' operation of the plant, and is probably of low cost. However, it may not present particularly good value for money when the consequences of a failure are considered in terms of lost production, damage to plant, and additional maintenance costs.
A monitor may be introduced for life management to attempt to exclude the possibility of failure. This may be to detect the onset of the stages of component failure, and to allow action to be taken in the short to medium term to avoid failure whilst in operation. If the nature of the failure mechanism is understood it may be possible to modify the unit's operation to allow it to be run on to the next scheduled outage, or until an outage can be re-scheduled.
In the medium to long-term, monitoring for life management can be applied to optimise maintenance to minimise life-cycle cost. To complete the cost equation it is also necessary to monitor for operations management e.g. by optimising the overall performance of plant comprised of multiple part loaded units. The monitors required for life and operations management require additional sophisticated sensors, frequently not provided as standard equipment, together with an increasing level of analysis capability, ranging from sophisticated data processing, to mathematical models which describe the integrity of components as a function of operating condition, or mimic the operation of the unit to allow performance optimisation to be performed.
The installation of specialist sensors may require modification to the unit. The capital cost of such monitors will be significantly higher than for simple failure alert system. However, the potential benefits, in terms of reduced life cycle, cost may outweigh this.
FREQUENCY OF MONITORING
Off-line monitoring is conducted when the unit is not running. Internal access is required to view or sample the monitored item. The analysis of the data and the presentation of the results is periodic. The analysis may take place on-site, or at a remote laboratory, and there may be a delay before results are available for interpretation and action. In contrast, on-line monitoring is conducted whilst the unit is running, and may be continuous or periodic The analysis and results update may be on-line in real-time, on-line and periodic, or even conducted periodically at some remote location. Monitors may be open-loop and advisory in nature, or may initiate a mandatory control system response if closed-loop. The latter require on-line real-time data analysis which is the most complex and costly type to implement
CURRENT ON-LINE TECHNIQUES Sensors-
Gas turbines are normally supplied with the minimum instrumentation required to achieve satisfactory control of the unit. When additional information is required, algorithms which model and predict operating conditions at impractical sensor locations may be used. However, where the error in prediction is high, and monitoring the actual conditions provides a reliable indication of engine health, then the installation of a suitable sensor in the region of interest should be considered. Alternatively, an existing sensor may be upgraded to improve monitoring performance.
Vibration Monitoring. Vibration monitoring is performed to detect mechanical instability affecting stationary and rotating components i.e. shafts, blades etc.
A transducer senses a components motion in terms of its relative displacement, or velocity or acceleration. The signal is fed to a system providing either an alann or a trip. There is also the option of additional data logging to enable basic vibration trending, or sophisticated vibration spectra analysis. It is important that the requirement for steady-state and/or transient monitoring is specified, as transient analysis is more demanding. When analysis is required, it can be in the form of a permanent integrated installation, or as a portable diagnostic S.
The sucens of predictive maintenance employing vibration monitoring for gas turbine is highly dependent upon appropriate sensor location, and the achievable signal-to-noise ratio.
Performance Monitoring. Perfomiance monitoring is used to determine the aerothermal performance and operating conditions within the unit and its major components relative to the installed datum. This may allow one to determine whether the performance of a unit has degraded, whether there is an imbalance in unit operating conditions, or whether the unit is not being operated to its frill potential. This is an effective monitor of lubricant degradation and contamination, and the nature of the contaminants may indicate or confirm their source. A prerequisite is to establish the reference composition for the lubricant to confirm that it meets the specification and to calibrate the monitor.
A monitoring technique complementary with SOAP is the detection and analysis of suspended solid material. Lubricating oils conveniently transport solid material from their source onto the filters. It is therefore possible to detect and determine the source of wear of components if the composition of this material is determined.
Metal Temperatures. Monitoring key hot section temperatures can enable performance optimisation by improved unit control, and also optimise the operation and maintenance of the unit in relation to hot section component life. Unfortunately, even high temperature thermocouples are unable to operate for extended periods at temperatures approaching 1300°C found at turbine rotor entry. Radiation pyrometers do have the capability, and durability for this application, and they have been fitted to a number of types of industrial unit.
Radiation pyrometers have seen many years of operation in military aern gas turbines, providing critical temperature information for engine control. They are shortly to enter service in commercial aero engines for airline service. They are not commonly found in the power industry, although they are used for development work, and are being employed as key sensors in a number of gas turbine durability surveillance programmes, as described by Ondryas (1992) .
OFF-LINE METALLURGICAL TECHNIQUES
Having reviewed the engineering aspects of on-line monitoring, it is now worthwhile considering the metallurgical side of component durability. This can be regarded as a periodic off-line monitoring activity but with the complication of a 'signal', ie information, which is difficult to interpret As with the techniques discussed so far, this can be viewed as an activity which has a role in both the short to medium term, as well as one with a long term perspective. The former might involve the durability of coatings in a trial or the short term behaviour of a design modification. The latter might involve an assessment of the total durability of a component with appropriate refurbishment.
Although thousands of blades are retired from service and scrapped off each year, the decisions are frequently not taken as a result of the application of a thorough and agreed methodology for one does not exist in the full sense of the word. The enlightened pragmatism currently used stems from the present status of the technology. The three main areas of difficulty can be summarised as: a) how should a component be inspected to extract useful quantitative information b) determining the operating conditions for the component c) the assessment procedure which combines information from (a) and (b).
Inspection. Apart from the standard inspections carried out at overhauls (visual, fluorescent particle etc) a variety of destructive techniques are commonly employed. The most widespread is an examination of the alloy or coating microstructure. This is usually used as a qualitative indicator of serviceability. There have been some attempts to develop quantitative relationships between microstructures features (for example y size and shape) and residual life. This seems to have been applied primarily to military engines with some success. However, its explicit, quantitative use elsewhere appears to have been very limited (Yoshioka 1994) . So far as direct mechanical property measurements are concerned, a variety of techniques are employed. These include stress rupture (stress, temperature, or stress and temperature accelerated (Wood 1994) ) and stress relaxation (Woodford 1992) . In this last case the material's deformation characteristics over several orders of magnitude in strain rate can be assessed. This is in contrast to a rupture test which generates 'merely a single data point, a rupture duration. Notched tensile tests have also been used to evaluate residual ductility.
None of the above techniques allows a direct evaluation to be made of other important aspects of the blade's deformation history, eg creep strain accumulation or fatigue damage.
Whilst other non destructive techniques have been investigated to ascertain whether they can generate useful information, eg X-ray or neutron diffraction, none has yet emerged as a viable and useful tool (Wood and Raynor 1995) .
Component operating conditions. In principle one would conventionally seek to determine the stresses and temperatures within the component. For gas turbines the OEMs are reluctant to divulge the information that was used in the original design. Consequently there are some programmes of work to recalculate the component's operating conditions, such as that undertaken by the Electric Power Research Institute (EPRI) in the USA. When combined with deformation laws they permit an evaluation of life consumed. However, to approach or improve on the design calculations carried out by the OEM requires that in addition to all the inherent complexities of the heat transfermechanical deformation calculations, it is necessary to include all the correct engineering assumptions on other factors, eg significance of cooling hole blockage through a tip nib.
Alternatively, or in addition to the above, a good metallurgical database will allow the average operating conditions to be inferred from the microstructural observations. This may confirm the temperature values used in the design calculations or it may indicate that they differ significantly from those expected. If markedly higher temperatures are indicated then the integrity of the blade may need to be reviewed. In part because of this some operators are additionally installing pyrometry to gain a better on-line understanding as to the blade temperatures.
Assessment. Even if inspection and operational information can be generated, the translation of the data into an assessment requires: i) an appropriate materials database relating properties and rates of property changes to degradation and refurbishment history ii) a way of allowing for the distribution of properties/exposure histories for all the blades on a disk, since these will be somewhat different from each other.
This framework is not generally available, or even extant in many cases Where steps have been taken down this path, they are certainly not as well advanced as is the case for the assessment procedures used for high temperature steel components. 
CASE STUDY
There are a number of points which arise out of the preceding discussion:-the need for greater surveillance in the newer unit designs, and in those with poor track records.
a greater requirement to regard engineering and metallurgical 'sensor' data as complementary, interdependent and part of a continuum.
the benefits which could be gained from the development of more integrated systems.
a need to improve the quantitative interpretation of metallurgical information to provide positive feedback into maintenance/durability decisions.
Some of these points can be illustrated by reference to the recent problems encountered with the row 1 blading of a 40 MW heavy duty industrial gas turbine. The problem has been considered in more detail elsewhere (Wood 1996) but the main points are summarised in the following two sections.
Initial Background a) The blade was redesigned in the mid 1980s as an 11 hole camberline cooled blade using a plain idary equiaxed superalloy, and an external CoCrAlY coating. Its notional recommended life was 48,000 h. b) After in-service problems, including failures, the OEM took what it deemed to be adequate steps to modify the design. Since it had attributed the high indicated metal temperatures to be consequence of excessive coating degradation, the OEM upgraded the coating to an overaltuninised CoCrAlY. c) After further service failures (in the now modified blade design), in 1992 the OEM modified the design by introducing an internal coating into the cooling passages. The rationale behind this move was that those blades with unprotected cooling channels were experiencing excessive environmental attack in the channels weakening the material and leading to failure. An internal coating, as used in many aero-engine blades, would protect the substrate from this attack.
The main row I blade examined here had accumulated ' -21,000 fired hours and -25 starts. The blade had the overaluminised CoCrAlY external coating and uncoated cooling passages.
Condition of the row 1 Blade. The row 1 blade was in visually good condition, with no marked attack of the coating or any damage to the squeeler tip. A destructive examination of the component revealed that it was in very poor condition and close to failure. The distress was evident from a number of observations.' a) Deep internal mddation/nitridation in the cooling passages, particularly in trailing edge holes, and with increasing depth of attack at greater span wise positions (Fig.1) .
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111111111111111. (Fig.2) , although transverse cracking was evident in the lending edge channel (even though the amount of internal attack was much less than near the trailing edge). c) Considerable I degradation was evident in the upper half of the aerofoil, particularly towards the trailing edge. d) The external overaluminised CoCrAlY coating was generally in very good condition, although adjacent to the trailing edge the outer aluminide layer had been consumed. e) Hundreds of thermal fatigue cracks were present in the coating. Whilst many had progressed some way through the CoCrAlY part of the coating, in the cooler parts of the blade they had reached the coating-substrate interface (Figs.3,4) . Stress rupture results from material between the 9th and 10th cooling holes, ie close to the trailing edge holes, indicated that the properties were below the (estimated) -3a level generally used as a minimum for design purposes. Given the size of the tespiece, the material in the gauge length was at least 1.5 mm from the surface of either cooling hole. Since the tests were done at a low stress (within the validated isostress framework for degraded superalloys, Wood 1994), the result is pertinent to service loadings within the blade.
Preliminary Discussions. Even within the context of surveillance, the above observations are a useful addition to the database of experience, especially as it is unusual to have the opportunity to examine a blade just prior to failure. It generates information that no on line monitor would be capable of generating. However, within the framework such an examination being a periodic off-line monitor, other quantitative information can be extracted which, in principle can be linked to on-line monitoring. This, in turn permits one to ascribe a more direct significance to particular on-line romings, in particular temperature.
It is conventional to infer metal temperatures using the changes in size within the aerofoil. Whilst this has certain attractions, other techniques are available, one of them being the use of coating-substrate interdiffusion kinetics.
The coating and substrate effectively form a diffusion couple. At service temperatures the interdiffusion formed during the initial post coating heat treatment continues to take place. The rate is governed by the usual diffusion considerations, being a function of time and temperature (eg KT) diffusion distance at= exp (-611/ where AU is the activation energy). Rather than trying to evaluate these terms from first principles, a more pragmatic approach has been used, calibrating the model from experimental data. When suitable etches are used, clearly definable microstructural boundaries can be seen, and hence an interdiffusion distances quantified. A similar approach has been applied to a CoNiCrAlY coating (Srinivasan 1995) . One advantage of this technique is that temperature profiles over the whole of the aerofoil surface can be rapidly and easily generated. For the blading in question the temperature distribution around the chord is shown in Fig.5 . To highlight its discrimination, it can be seen that the temperature peak on the tip of the leading edge (associated with the stagnation point) can be clearly discerned. The absolute metal temperatures near the trailing edge are indicated to be in the 920°-940°C region.
This averaged temperature, derived from an off-line examination, can be correlated with pyrometer readings if such a sensor were to be fitted to a unit (see Rooth 1995) or the results of finite element modelling. This, in turn, can then be used to assist in judging the passible success, or otherwise, of any changes introduced by the OEM to reduce metal temperatures.
The type of damage seen in the blade led the OEM to coat the internal cooling pannsges to protect them from attack. For a variety of reasons (see Wood 1996) this course of action was open to question at the time and it was recommended in 1993 that the performance of the new design be carefully monitored to see how it performed.
Further Developments. In 199415 the OEM withdrew the 11 hole blade with the internally coated cooling pan-gages because of a number of engine failures at about the same duration as previously seen for the uncoated cooling hole design, -20,000 h. A design with a revised cooling scheme (12 holes) was introduced. The lead units with this blade design have now reached -20,000 h operation.
CONCLUDING COMMENTS
As set out in the introduction, surveillance should be carried out for both day to day engineering/trouble shooting reasons as well as for long term maintenance considerations. In such a framework, periodic off-line monitoring via destructive examination has an important role to play in the continuum of techniques. However, it must be appreciated that the assessment of these hot section parts still relies on fairly simple techniques and procedures, coupled with engineering experience and judgement. These may well not be adequate for the newer unit types, requiring the development of more sophisticated and integrated procedures. This is both because of the shortcomings of the techniques (as outlined above), but also because of the reduction in design margins so as to improve unit performance.
In the example cited above, which is for a not particularly sophisticated blade, the OEM took several attempts to rectify the problem over a number of years. Quality formation and assessment, so far as the operators were concerned, was hard to come by. Information on component temperatures was even less available. Some operators have now installed pyrometers on these units (Rooth 1995) to address this weakness. However, looking forwards it can be said that whilst the application of sensor data for improved performance modelling and optimisation may be conceptually acceptable to plant personnel because of their familiarity with the engineering fundamentals, there are other uses for the data. The same type of data can be used to provide an improved basis for decisions on component maintenance intervals or component lives within the turbine hot section. Whilst lives are frequently acqftssed on the basis of some form of equivalent operating load formulation, the better use of sensor data could lead to the development of inspection and repair intervals based on 'actual' operating conditions. These 'actual' conditions may still be calculated conditions based on aerothennal and heat transfer/finite element analysis or they may use inputs from more direct sensors such as pyrometry. However they would then be based on a more direct summation of the 'actual' conditions rather than the semi-quantitatively based equivalent hour type of formulation, hence leading to a more realistic assessment of the components operating history. Once this is combined with a methodology for accPcsing the condition of the component itself, the user would have a sound basis upon which to make maintenance decisions. Programmes of work are now in hand to progress these matters. •
